Abstract: We present an experimental platform which combines spectroscopic capabilities with time-resolved measurements of effective surface charge at solid-liquid interfaces. Silica microspheres, pristine and coated with various organic semiconductor molecules, were optically trapped either in water or in toluene. Adsorption of organic semiconductor molecules on the microspheres was observed via appearance of fluorescence and dramatic reduction in the effective surface charge, measured concurrently on individual spheres, with elementary charge resolution. The versatile platform accommodates possibilities to study a variety of photoinduced processes simultaneously with measurements of surface charge and can be incorporated in devices such as microreactors and microfluidics. 11941-11949 (2013). 14. G. Pesce, G. Rusciano, G. Zito, and A. Sasso, "Simultaneous measurements of electrophoretic and dielectrophoretic forces using optical tweezers," Opt. Express 23(7), 9363-9368 (2015). 15. G. Pesce, B. Mandracchia, E. Orabona, G. Rusciano, L. De Stefano, and A. Sasso, "Mapping electric fields generated by microelectrodes using optically trapped charged microspheres," Lab Chip 11(23), 4113-4116 (2011 
Introduction
Processes occurring at solid-liquid interfaces are of critical importance for a variety of applications spanning diverse fields including geochemistry, environmental science, catalysis, solar energy, corrosion protection, and many others [1] . Examples of such processes include interactions involving (dis)charging of colloids [2] [3] [4] [5] [6] [7] [8] , physisorption and chemisorption [9] [10] [11] [12] , (electro)chemical reactions, and photocharging [13] , all of which involve evolution of the effective surface charge. In order to understand these processes, it is important to develop tools that enable systematic studies of these interactions, depending on the nature of the interface. It is also beneficial to concurrently monitor several pertinent observables, which would, for example, enable chemical identification of the surface species and of the nature of their assemblies in addition to monitoring their charge-based interaction with the environment, ideally with a possibility of enhanced spatial and time resolution [1] . Experimental platform that enables sensitive measurement of time-resolved surface charge at solid-liquid interfaces at microscopic scales, combined with spectroscopic capabilities, is the subject of the present paper.
Optical tweezers-based methods of measuring effective surface charge on microscopic particles suspended in polar and nonpolar liquids [2] [3] [4] [5] , [14] , [15] , as well as in air [16] , have enabled sub-elementary charge sensitivity and time-resolved monitoring of (dis)charging processes capable of resolving single (dis)charging events [5] . Although sensitive measurements of the overall surface charge are valuable, they do not provide insight into the chemical nature of the surface and surface species interactions. Therefore, a spectroscopic component which enables simultaneous measurements of the surface charge and of specific signatures of the surface species via, for example, fluorescence or Raman spectroscopy would considerably enhance the capability of the tool and enable studies of complex environments and pertinent photoinduced interactions. In this paper, we combine a highly-sensitive method to measure surface charge on microscopic particles suspended in various environments with a capability to concurrently perform spectroscopy on the same particles, which also enables time-resolved measurements of surface charge evolution and energy transfer processes under photoexcitation. As an illustration, we demonstrate simultaneous surface charge and fluorescence measurement from micron-sized silica spheres coated with physisorbed fluorescent organic semiconductor molecules and their blends, suspended in different environments.
Materials and methods

Materials and sample preparation
Amorphous silica spheres 1 μm in diameter (Thermo Scientific, 0.99 ± 0.02 μm, refractive index n = 1.40-1.46, 2% suspension in water) were coated with diF TES-ADT or F8 TIPS-Pn molecules ( Fig. 1(a) , TES = (triethylsilyl)ethynyl, TIPS = (triisopropylsilyl)ethynyl) as follows. A 2 μL solution of silica spheres in water was added to 50 μL 30 mM stock solution of diF TES-ADT or F8 TIPS-Pn in toluene and sonicated for 20 minutes. Then, 14 μL of the mixture was added to 4 mL of ultra-pure millipore (Milli-Q, 18 MΩ cm) water (ε = 80), sonicated for 5 minutes, and left unperturbed overnight. As control samples, we used uncoated silica spheres, also suspended in water. Additionally, we prepared solutions of diF TES-ADT-coated silica spheres and uncoated silica spheres in toluene (ε = 2.38) following the same procedure, but replacing water with toluene at the last step of the procedure. Solutions of diF TES-ADT-coated silica spheres in a 50% wt/wt mixture of water and glycerol (ε = 64; prepared by adding 4 μL of the coated sphere solution in toluene to 4 mL of the 50% wt/wt mixture of water and glycerol) were also used as an additional control.
The ADT and Pn molecules of Fig. 1 (a) are high-performance organic semiconductors [17] with well-characterized photophysics [18-21] and propensity for aggregation/crystallization when deposited from solutions on glass or silica substrates [22] . These are strongly fluorescent molecules [21] with absorption (emission) peaked at 525 nm (532 nm) and 633 nm (644 nm) for diF TES-ADT and F8 TIPS-Pn molecules, respectively, in dilute toluene solutions. Upon aggregation, both absorption and emission spectra exhibit bathochromic shifts, and their spectroscopic signatures have been studied in detail in spin-cast films [23] . These materials have also served as a model system for studies of charge and energy transfer at donor-acceptor interfaces enabled by their clear spectral signatures associated with exciplex emission and Förster resonant energy transfer, respectively [19] , [20] . This prompted us to utilize such a donor-acceptor system in order to demonstrate that more complicated physisorbed layers and resulting processes can also be studied using our present approach. For this, we combined 2 mL of 30 mM diF TES-ADT (donor) and 526 μL of 2 mM diCN TIPS-ADT (acceptor) solutions [ Fig. 1(a) ]. After 10 minutes of sonication, 50 μL of the solution was added to a 2 μL solution of silica spheres, after which the same procedure was followed for the silica sphere coating as the one described above. ] using a diamond-tip dremel tool to allow for injection of the solution with suspended particles under study; after drilling the slide is rinsed with toluene and deionized water to remove all glass particles from the surface. The glass coverslip and microscope slide are assembled using four 5 x 5 mm squares cut out from another glass coverslip as spacers which are attached with the UV glue (Thorlabs, NOA81) to the glass microscope slide [ Fig. 1(c) ] and cured under a UV lamp for 45 seconds. Two strips (5 mm x 60 mm) are cut out from heavy-duty Al foil (Reynolds Wrap) and attached to the center of a coverslip with the UV glue (cured under the UV lamp for 45 seconds), leaving a 70-400 μm gap, to serve as Al electrodes. Lastly, the edges of the coverslip are lines with the UV glue, creating a sealed chamber, and the finished holder is cured under the UV lamp for 60 seconds. The solution containing spheres under study suspended in a solvent of choice is injected through the holes into the chamber immediately before the experiments.
Setup combining optical tweezers and spectroscopy capability
Optical tweezer trapping was performed in a custom inverted microscope assembly with an oil immersion microscope objective (Edmund Optics, 100X, NA of 1.25, 160 mm tube length) as shown in Fig. 1(d) [25] . Spheres were trapped with a continuous wave (cw) 800 nm Ti:Sapphire laser beam (KM Labs, Inc.). The position of the trapped sphere was detected by the scattering of a cw 633 nm Helium-Neon laser detected by a Hamamatsu S4349 quadrant photodetector (QPD). The QPD signal was collected using a data acquisition card (DAQ) (NI-6221) at 10 or 20 kHz read out by a custom LabVIEW program. The duration of each position versus time measurement (x(t)) was 25-30 s. Spheres were trapped in the center of the electrode gap to minimize edge effects, and at a depth of about 20 μm away from the top of the coverslip to minimize interactions between the sphere and the glass slide [2] , [26] .
Additionally, a cw 532 nm (Coherent, Inc. Verdi-5) laser beam, collimated to minimize its effect on the trap stability, was used to excite spheres coated with diF TES-ADT or diF TES-ADT:diCN TIPS-ADT blend. Spheres were imaged with a CCD and halogen lamp. Filters were placed in front of the QPD to block the 800 nm and 532 nm light. For spheres coated with F8 TIPS-Pn, which was more efficiently excited at 633 nm than at 532 nm, the role of the 633 nm and 532 nm beams was reversed, and a filter in front of the QPD was replaced with a band-pass filter to block the 633 nm excitation while passing scattering of the 532 nm light. In each case, fluorescence spectra from the trapped spheres, examples of which are shown in Fig. 2 , were measured using a fiber-coupled Ocean Optics USB2000-FLG spectrometer. No fluorescence was observed from uncoated silica spheres. Fig. 2 . Fluorescence from trapped silica spheres coated with diF TES-ADT and with diF TES-ADT:diCN TIPS-ADT blend suspended in water. In the spectrum of the diF TES-ADT-coated sphere, the ~540 nm peak is due to isolated molecules, whereas the ~580 nm peak is due to diF TES-ADT aggregates. Spectrum from a micron-sized diF TES-ADT aggregate suspended in water is also included (dashed line). The spectrum from the blend is dominated by the ~670 nm peak due to the diF TES-ADT: diCN TIPS-ADT exciplex formation. Inset shows CCD images of a trapped diF TES-ADT-coated sphere in water without (top) and with (bottom) 532 nm photoexcitation, illustrating strong diF TES-ADT fluorescence under photoexcitation.
Trap stiffness and effective charge measurement
The trap stiffness in the x-y plane and the effective surface charge were calculated from the power spectrum of the suppressed Brownian motion of the sphere x(t) [ Fig. 3(a)] [25] . In particular, in the presence of the applied sinusoidal (AC) electric field, the power spectrum of the position fluctuations (Fig. 3(b) ) is given by 
Here k B is the Boltzmann constant, T is the temperature, f is the frequency, β is the drag coefficient of the sphere in the medium (β = 6πRη, where R is the radius of the sphere and η is the dynamic viscosity), f c is the corner frequency, and f AC is the frequency of AC electric field. The corner frequency is related to the trap stiffness (k) as f c = k/(2πβ), from which the trap stiffness k is readily obtained. The trap stiffness was in the range of 1-2 pN/μm for all samples. The constant γ 2 is the scaled ratio of the mean-square periodic and Brownian forces given by [2] 2 2 2 2 2
From the experimental data, the γ 2 was extracted by integrating the power spectrum component due to applied electric field (second term of Eq. (1)) with respect to frequencies [2] , [3] and the integral is 2 /
Then, the effective charge Z eff on a sphere was calculated using [2] ( ) ( )
where e is the charge of an electron and E is the applied electric field. The sign of the charge was determined by following the oscillatory motion of the free particle at low f AC while briefly blocking the trapping laser beam thus momentarily releasing the particle from the trap [2] . An AC voltage of 0.5 V pp to 20 V pp was applied across electrodes using an amplified sinusoidal signal from a function generator (Tektronix AFG3021) and the range of frequencies f AC between 10 Hz and 4 kHz. In devices using toluene as the medium, the electric field E was calculated as E = λV 0 /d where V 0 is the voltage amplitude and d is the distance between the electrodes. The scaling factor λ takes into account the electric field dependence on the position of the sphere with respect to the coplanar electrodes [2] and is in the range between 0.9 and 0.95, depending on the device. In water-based devices, the presence of an electric double layer, formed as a result of ion accumulation at the electrodes, was detected. This resulted in a frequency-dependent electric field E(f AC ) that approaches λV 0 /d at high frequencies but is partially screened at low frequencies f AC [3] . Following Ref [3] , such dependence was obtained from modeling the devices using an equivalent circuit approach with a frequency-dependent impedance so that E(f AC ) = (λV 0 
Here R b and C b are resistance and capacitance of the bulk and R dl and C dl are those of the double layer [3] . No considerable changes in the trapping stiffness k or the effective charge Z eff were observed upon the 532 nm photoexcitation at least up to a power of 28 mW, which is considerably higher than typical powers of <5 mW which were used for photoexcitation. This indicates that the charge and fluorescence measurements can be performed simultaneously, without perturbing the system.
Time-dependent effective charge measurement
In addition to the effective charge measurement using the power spectrum of Fig. 3(c) as described above, we explored an alternative method of obtaining the effective charge from the data, more suitable for achieving enhanced time resolution of the measurement [5] , [16] . In the presence of applied AC electric field, the particle displacement x(t) can be presented as a sum of two contributions, the displacement due to random thermal forces (x n (t)) and that due to periodic forces (x p (t)) [2] . At high electric fields, the latter dominates, the trend for which can be appreciated from comparison between the x(t) data in Fig. 3 (a) and 3(b) (top vs bottom). In that case, x(t) is dominated by x p (t), and the amplitude of the sinusoidal displacement x 0 can be related to the effective charge as follows [2] :
This method provides the time resolution determined by the AC field frequency, and the sampling frequency at which the charge is estimated (f s,Q ) can be varied (f s,Q < f AC ) to achieve averaging of the extracted charge values over a specified time window [4] . In our timeresolved experiments, we used f AC = 100 Hz and time window durations ranging from 250 ms (f s,Q = 4 Hz) to 8.3 ms (f s,Q = 120 Hz).
Results and discussion
Figure 4(a) shows dependence of the parameter γ 2 of Eq. (1) on the frequency of applied electric field f AC . While toluene-based devices exhibited frequency dependence expected based on Eq. (2) [inset of Fig. 4(a) ], water-based devices showed a more complicated pattern [ Fig. 4(a) ]. The latter behavior has been previously attributed to the formation of the double layer at the electrodes and a resulting frequency dependence of the amplitude of the AC electric field (E in Eq. (2)) via Eq. (4) that contributes to the overall frequency dependence of γ 2 by modifying a low-frequency response. The fit of the data in Fig. 4(a) to the model (Sec. 2.3) [3] with R b = 80 kΩ, C b = 0.01 μF, R dl = 300 kΩ, and C dl = 0.4 μF of Eq. (4) is also included in the figure. With these parameters, the amplitude of the electric field is an increasing function of f AC exhibiting values of ~0.44 E 0 at 100 Hz, 0.7 E 0 at 200 Hz, 0.93 E 0 at 500 Hz, and > 0.98 E 0 at ≥ 1kHz where E 0 is the maximal field amplitude (E 0 = λV 0 /d). Figure 4 (b) shows dependence of γ on the amplitude of applied electric field E at f AC of 110 Hz. Linear response was observed in all devices, in agreement with expectations based on Eq. (2). This confirms that the charge on particles is independent of the strength of the applied field, regardless of the coating or of the surrounding medium. The trap stiffness was also not affected by electric field [ Fig. 3(c) ], confirming no appreciable field-induced heating [27] . The limiting charge sensitivity, determined by the minimal detectable value γ distinguishable from the noise due to the Brownian motion at f AC , was ~3e at 10 kV/m and ~0.3e at 100 kV/m, comparable to that achieved in previous studies [2] . Figure 5 shows distributions of absolute values of effective charge density (|Z eff |/4πR 2 , where R = 500 nm is the radius of the sphere) obtained in various systems under study using the method described in Sec. 2.3. In all systems, only negative Z eff charge values were observed. The width of distributions represents a spread in values obtained from various spheres of the same type suspended in the same liquid, across different devices. Each value of charge density in the histogram is an average over at least 4 experimental runs for an individual sphere, and the run-to-run error for each given sphere is less than 5%. The distribution obtained from uncoated silica spheres in water was fit with a Gaussian function (~exp(Q-Q max ) 2 
/2σ
2 , where Q is the charge density and σ is the standard deviation) revealing the peak (Q max ) at −830 ± 30 e/μm 2 , comparable to previously reported values in a similar system [26] . The negative effective charge on silica spheres in water is due to the dissociation of the silanol groups (SiOH↔SiO -+ H + ), which gives rise to the surface charge density σ s = -eΓ SiO -, where e is the elementary charge and Γ SiO -is the density of dissociated groups [26] . In coated spheres suspended in water, the charge density was more than an order of magnitude lower, ranging between −4 e/μm 2 and −50 e/μm 2 [ Fig. 5(b) ], depending on the quality of the coating as discussed below. As the neutral, hydrophobic functionalized ADT and Pn molecules of Fig. 1(c) do not undergo charge species-producing chemical reactions with water, the dramatic reduction in the surface charge density indicates efficient prevention of the silica-water interaction due to the organic semiconductor layer adsorbed on the silica surface that reduces the number of reaction sites. As expected, further reduction in charge densities (down to fewer than −5 e/μm 2 ) was observed in the coated spheres suspended in the water/glycerol mixture.
Fluorescence spectra obtained from coated trapped spheres [ Fig. 2 ] enable evaluation of the molecular packing and interactions in the adsorbed organic semiconductor layer. For example, the spectrum for a diF TES-ADT coated sphere obtained at 532 nm excitation in Fig. 2 illustrates an interplay of the diF TES-ADT monomeric (peaked at ~540 nm) and aggregate (peaked at ~580 nm) emission, with the latter dominating spectra of coatings with better surface coverage and producing lower effective charge densities in the distribution of Fig. 5(b) . For comparison, the spectrum from a micron-sized diF TES-ADT aggregate in water measured using the same experimental setup is also included in Fig. 2 , showing exclusively aggregate emission as well as self-absorption effects. Evolution of spectra from monomeric to aggregate-dominated emission in diF TES-ADT, as well as self-absorption effects, has been previously studied in diF TES-ADT:PMMA films (PMMA = poly(methyl methacrylate)) spin cast or drop cast on glass substrates, depending on the diF TES-ADT concentration and film thickness [23] , [28] , and is consistent with current observations from various diF TES-ADT-coated spheres. Additionally, fluorescence spectra obtained from trapped spheres coated with a diF TES-ADT:diF TES-ADT:diCN TIPS-ADT blend were similar to those obtained from spin-cast thin films of these materials [19] . In particular, they are characteristic of the diF TES-ADT:diCN TIPS-ADT exciplex that forms at the interface between the diF TES-ADT donor and diCN TIPS-ADT acceptor as a result of a partial donoracceptor charge transfer [19] , [20] that quenches the diF TES-ADT donor emission thus dominating the spectrum of the blend. This suggests that studies of more complicated physisorption processes and of resulting photophysics and charge-based interactions are also possible with this technique.
In toluene, charge densities peaked at about −7 e/μm 2 on uncoated silica and were further reduced in coated spheres [ Fig. 5(c) ]. The mechanism of charging of silica in nonpolar medium such as toluene is not well understood; it is hypothesized that it is similar to that in water, but having less frequent charging events due to the stronger electrostatic interaction between charges [4] . Effective charge Z eff ranging between −12e and + 10e was previously observed on 1 μm silica spheres suspended in dodecane using optical tweezer-based measurements [4] , and charge between −70e and + 20e was observed in electrophoretic measurements of silica particles in dodecane. Observation of the charge on silica in nonpolar dodecane that is more than two orders of magnitude lower than that on silica in water [4] is similar to our observations in silica spheres in nonpolar toluene vs water in Figs. 5(c) and 5(a), respectively. Further decrease in the charge density observed in coated spheres suspended in toluene [Fig. 5(c) ] is consistent with the hypothesis of the same charging mechanism for silica spheres in toluene as that in water, such that the coating reduces the number of reaction sites on a silica sphere.
Next, we evaluated the potential for the time-resolved charge measurements using the amplitude of the field-driven sphere x 0 of Eq. (5) and a method described in Sec. 2.4. The relative accuracy of this method with respect to that of Sec. 2.3 (that relies on the power spectrum analysis) depends on the applied electric field amplitude E and the frequency f AC with respect to the corner frequency f c [Eq. (5)]. We found that at E = 9.2 kV/m, f AC = 100 Hz, f c = 40 Hz, and averaging time window of 25 s the effective charge (Z eff ) on a silica sphere in water obtained with the method relying on x 0 was within 2% of the value derived using the power spectrum obtained from the same x(t) data. Then, we proceeded to use these data and split the time window of 25 s into non-overlapping windows of either 250 ms (f s,Q = 4 Hz) or 10 ms (f s,Q = 100 Hz) calculating the Z eff values from the x 0 values averaged over each window. Figure 6(a) shows the effective charge density (|Z eff |/4πR
2 ) as a function of time obtained in these two cases; the window-to-window distributions of these values, along with Gaussian fits, are shown in the inset. A factor of 25 increase in the averaging time reduced the time-dependent charge fluctuations [here quantified by 2σ/Q max , where Q max is the peak value of the charge density and σ is the standard deviation, both obtained from the Gaussian fits to the data in Fig. 6(b) ] from ~20% to ~5%. In the presence of processes involving time-varying effective surface charge, such as adsorption, these distributions are expected to shift (e.g. to the lower Q max values in the case of adsorption of organic molecules used here), which can be measured as a function of time with a time resolution determined by the amount of the change in effective charge to be monitored. > which needs to be satisfied in order to achieve single charge resolution [5] . With experimental parameters used for obtaining data in Fig. 6 (T = 297 K, β = 8.4 nN s/m, E = 9.2 kV/m, f AC = 100 Hz, and f c = 40 Hz) the left-handside yields only ~0.064 for f s,Q = 4 Hz. Thus, the condition is not satisfied, and a factor of >15 higher electric fields (E), a factor of >245 lower sampling frequency f s,Q (corresponding to several tens of seconds in time resolution), or a combination of both factors, would be necessary for single-charge resolution. Previous time-resolved studies of effective surface charge on optical tweezers-trapped polymer microspheres suspended in nonpolar liquids have achieved single charge resolution at high electric fields (on the order of MV/m). Discrete (dis)charging events were observed, which was enabled by slow charge exchange of one electron per second, thus not requiring high sampling frequencies f s,Q (as f s,Q should be considerably higher than the frequency at which such events occur to achieve single-charge resolution) [4] , [5] . In polar media, charge exchanges are considerably faster, and such detection has not yet been achieved; using even higher electric fields and high frequencies, as well as smaller particles, has been suggested as a potential solution. The time-resolved monitoring of silanol dissociation in water (which is the source of the surface charge on silica spheres) with a single-charge resolution would require sub-picosecond time resolution [29] and is not achievable with a current technique. However, such monitoring of slow processes such as diffusion-limited interactions of the sphere coating with molecular or ionic species introduced in the environment, as well as evolving interactions between the molecular species at the surface, are readily accessible.
The spectroscopic capability complements the effective charge measurement by introducing concurrent monitoring various light-induced processes and enables chemical identification of the adsorbed layers. The processes are not limited to fluorescence from the adsorbed molecules (used here as an illustration), but include photoinduced charge and energy transfer between the molecules in the coating and in the environment, charge-dependent Raman shifts, (dis)charging under photoexcitation, etc. The measurements can also be performed on particles trapped in microreactors and microfluidic channels [15] 
Conclusions
Experimental platform which combines spectroscopic capabilities with time-resolved measurements of effective surface charge at solid-liquid interfaces is presented. Adsorption of organic semiconductor molecules on micron-sized silica spheres was observed via appearance of fluorescence and up to two orders of magnitude reduction in the effective surface charge, measured concurrently on individual spheres, optically trapped in different environments, with elementary charge resolution. The platform accommodates possibilities to measure various photoinduced processes concurrently with measurements of surface charge and can be further extended to in situ monitoring of time-varying charge-and energy exchange in devices such as microreactors and microfluidics.
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